Solvent molecules play key roles in the conformational dynamics of proteins. Here we use single molecule force-clamp spectroscopy to probe the role played by the stabilizing osmolyte glycerol on the conformational ensembles visited by a single ubiquitin protein folding after mechanical extension. Using a variety of force-pulse protocols, we find that glycerol stabilizes the native state of ubiquitin, making it more resistant to mechanical unfolding. We also find that although glycerol enhanced the hydrophobic collapse of unfolded and highly extended ubiquitins, it had no effect on the resulting collapsed states that are essential precursors of the folded state. These disparate effects of glycerol may be the result of distinct structural roles played by solvent molecules at the transition state of each folding ensemble. Our results open the way for a detailed analysis of the transition state structures that form along the folding trajectory of a mechanically extended protein.
U
nderstanding the mechanisms by which proteins acquire their native topology remains an important question in biology. The acquisition of the native state involves a delicate interplay between the structural search for the native state and desolvation of the solvent exposed protein backbone. Water molecules are inextricably involved in this dynamic conversion between the different protein conformations encountered along the folding pathway (1) . Furthermore, water molecules mediate the hydrogen bonding network that determines the final structure of the native state of the protein and the dynamics of contraction of the unfolded polypeptide (2, 3) . A comprehensive description of the (un)folding reaction must therefore incorporate the solvating environment that envelopes the protein and determines its structure, dynamics, and often function (1, 4) . Studies using bulk experimental techniques have provided a wealth of information on the thermodynamic properties of proteins upon modification of the solvent environment (5-8) and molecular mechanisms for osmolyte induced protein stability have been proposed (9) . However, direct insight into the role of osmolyte molecules on the structure of the transition state of a protein, which is the main determinant of protein dynamics, can only be gained at the single molecule level.
Single molecule force spectroscopy is a valuable tool to uncover the structure of the transition state of a protein under the application of a stretching force along a well-defined coordinate, the end-to-end length (10, 11) . While earlier pioneering experiments allowed location of the mechanical transition state of several proteins (12) (13) (14) , molecular dynamics simulations complemented those experimental findings by providing atomic-level insight into the key events that determine protein unfolding, namely the dynamic rupture of interstrand hydrogen bonds (15) . Most recently, the combination of solvent substitution with force-clamp spectroscopy has proved successful in experimentally providing a molecular perspective on the role of solvent molecules in protein unfolding (16, 17) and in understanding the driving forces involved in the collapse of an extended polypeptide (18) . Specifically, the use of solvent substitution provides a useful tool to uncover the molecular architecture of the mechanical transition state of proteins in detail. These experiments demonstrated that solvent bridging plays a pivotal role in the mechanical stability of the native state of the I27 protein under force (16) . However, despite this significant progress, these studies have been mostly limited to the study of thermodynamically stable states, namely the unfolded and the folded structures (16, 18) , and little is known about the transition state structures of the evolving conformations acquired by the polypeptide as it folds.
A significant advantage of single molecule techniques is their ability to individually monitor the full folding trajectory of a single molecule (19, 20) . In the case of mechanical experiments, applying a stretching force to a protein slows down the folding mechanism exponentially, which permits capturing the conformational dynamics followed by a single protein from a totally extended conformation to its natively refolded form (21) (22) (23) . Recent measurements conducted in constant force mode have allowed us to separate the different stages encompassing the folding reaction of the small protein ubiquitin (22, 24) . These experiments permitted identification of 3 distinct conformational ensembles visited during the folding process by probing the mechanical stability of each protein conformation as its structural fingerprint. This ensemble of conformations comprise the folded and unfolded protein forms, along with a recently discovered ensemble of minimum energy collapsed structures (MECS) that are obligate precursors to the native form (25) . Such structurally heterogeneous and mechanically labile MECS originate after the protein's hydrophobic collapse, and interconvert into the native state following a 2-state, rate limiting reaction (26) (27) (28) . Interestingly, this set of mechanically labile structures has been also identified in analogous experiments using ubiquitin monomers, suggesting that they are not a particular feature of polyproteins (25) .
The capability of force-clamp spectroscopy to drive a single protein to different regions of the energy landscape provides the unprecedented opportunity to probe the effect of solvents on each distinct conformational ensemble visited by a single ubiquitin protein along its folding pathway (18, 22, 25) . Using a variety of force-pulse protocols, here we show that glycerol, a protecting osmolyte (7), readily separates the distinct phases of the mechanical folding of ubiquitin by stabilizing the native state. In contrast to the glycerol sensitivity of the extended and native state of ubiquitin, we measure that the mechanical resistance of an ensemble of collapsed states is largely insensitive to the solvent environment. Our experiments reveal the role of glycerol in the different phases of the folding reaction while providing plausible molecular interpretations of the mechanical transition state of each particular protein conformation.
protein during its folding trajectory, we first apply a force-ramp protocol. This protocol permits the observation of the full forcelength relationship of an extended polyprotein during protein collapse and folding. Fig. 1 shows a single ubiquitin polyprotein in 30% vol/vol aqueous glycerol being first unfolded under a constant high force of 190 pN to a highly extended conformation where all of the residues are exposed to the solvent. Under force-clamp conditions, stretching a ubiquitin polyprotein results in a welldefined series of step increases in length of approximately 20 nm, marking the unfolding and extension of the individual modules in the chain (F 1 regime). The force is then relaxed linearly down to 10 pN, while monitoring the end-to-end length of the protein as it collapses (F 2 ). Upon reaching 10 pN the force is ramped back up again to 190 pN (F 3 ). As the force begins to rise, the collapsed polypeptide immediately shows resistance to extension. When the force reaches approximately 50-60 pN, we observe a rapid stepwise extension of the collapsed conformations. The step size distribution for the unraveling of such collapsed structures in glycerol is broad (Bottom Inset) and similar to that measured in PBS solution (25) . Interestingly, the majority (Ϸ90%) of the measured step sizes lies below 29 nm (dashed line in the histogram Inset), indicating that the distribution of step sizes corresponding to the collapsed conformations is largely contained within the contour length of a single ubiquitin monomer. This result suggests that just after hydrophobic collapse, the polyprotein chain rapidly segregates into its individual ubiquitin monomers. A small number of larger steps (Ϸ10%) were also observed, because of either lack of sufficient time resolution or conformations that involved interactions between neighboring ubiquitin domains (29) (30) (31) . Although multiple domains in a polyubiquitin chain are known to interact with each other forming ubiquitin dimers (31) and tetramers (29) , such inherently flexible complexes are likely to be the result of lattice interactions rather than stable conformations (29) . Thus, it is not likely that intra-chain binding plays a role in the collapsing dynamics that we observe. At a much higher force, in excess of 150 pN, we begin to observe the unfolding of the stabilized native ubiquitin proteins that have had time to refold within the short time that the protein was held in its collapsed length, exhibiting a narrow distribution of step sizes centered at Ϸ20 nm (Top Inset). This experiment clearly demonstrates the 3 distinct phases of a folding polypeptide separated by the different effects of glycerol, namely the native folded protein, the extended protein and the collapsed protein. It is important to note that the 3 phases are observed in the same polypeptide molecule as it progresses toward the native state. This presents a unique opportunity to separate the timescales of the distinct folding ensembles within a single molecule experiment. Independently studying the effect of force and solvent substitution on the native, unfolded, and collapsed states of ubiquitin provides an ideal experimental platform to compare their distinct properties.
Probing the Physicochemical Properties of the Native Conformations.
We begin by measuring the properties of the native conformations of the ubiquitin protein by measuring their unfolding force dependency under different solvent environments. In our experiments, we probe the mechanical properties of the native state of mechanically stable proteins by studying their unfolding kinetics under the effect of a constant stretching force ( Fig. 2A) (10, 32) . To gain insight into the molecular structure of the mechanical transition state of unfolding, we measure the force dependency of the unfolding rate of single polyproteins using the Bell model (10, 16, 24, 33) , which allows us to estimate the distance to the transition state, ⌬x, and the height of the energy barrier, ⌬G, that define the unfolding reaction as described in the supporting information (SI) Text. In combination with solvent substitution, these experiments have revealed the molecular architecture of the unfolding transition state of the protein I27, demonstrating that solvent bridging in the transition state region determines ⌬x. In particular, recent experiments showed that upon replacement of water by increasing amounts of the larger molecule glycerol, the distance to the unfolding transition state increases from ⌬x ϭ 2.5 Å, the size of a water molecule, up to ⌬x ϭ 4.4 Å, consistent with the size of a glycerol molecule. Furthermore, the replacement of water with glycerol greatly increases ⌬G, thereby mechanically stabilizing the native state (16) . Whether this trend represents a general mechanism for the transition state architecture of other mechanically stable proteins such as ubiquitin remains experimentally unexplored.
Fitting the Bell equation to the data Fig. 2D (gray dashed line) corresponding to the force-dependent unfolding rate of ubiquitin in standard PBS buffered aqueous solution (Fig. 2C , gray triangles) resulted in k 0,2 ϭ 8.8 ϫ 10 Ϫ3 Ϯ 5.0 ϫ 10 Ϫ4 s Ϫ1 and ⌬x 2 ϭ 1.6 Ϯ 0.1 Å, in close agreement with earlier experiments (10) . From the measured value of k 0,2 and assuming a prefactor A ϭ 10 6 s Ϫ1 (34) we readily estimated the value of ⌬G 2 ϭ 11.0 kcal mol Ϫ1 (25) . To investigate the effect of solvent substitution on the mechanical stability of the native state of ubiquitin, we have now extended our measurements to study its unfolding force-dependency in solutions containing 40% vol/vol ethanol and 30% vol/vol glycerol. Fig. 2 B and C show the averaged unfolding trajectories and their corresponding exponential fits obtained at different pulling forces in 40% vol/vol ethanol and 30% vol/vol glycerol, respectively. The unfolding force dependency obtained from these data are shown in Fig. 2D (40% vol/vol ethanol, green circles; 30% vol/vol glycerol, red squares). From the data, it is apparent that glycerol, a stabilizing osmolyte (9) , makes the native state of ubiquitin significantly more resistant to mechanical unfolding. This effect is not solely because of viscosity, but rather reflects an increase in the activation barrier height (35) . Arrhenius fits to the data (Fig. 2D, dashed glycerol from ⌬x 2, water ϭ 1.6 Ϯ 0.1 Å to ⌬x 2,gly ϭ 2.3 Ϯ 0.1 Å, the value remains almost unaltered upon the addition of 40% vol/vol ethanol, ⌬x 2,ethanol ϭ 1.7 Ϯ 0.1 Å. The values of the parameters defining the energy landscape under all tested chemical environments, namely the height of the activation energy barrier, ⌬G 2 , and the position of the transition state, ⌬x 2 , are shown in Table S1 .
The Extent of Protein Collapse from the Unfolded State Is Significantly
Enhanced by Glycerol. In our single-molecule assay, the complete unfolding reaction leads the protein to a totally extended conformation, close to its full contour length, where all amino acids are exposed to the solvent environment and native contact formation is rare (18, 36) . Studying the collapse of such extended proteins at the single molecule level permits a direct determination of the major driving forces governing the process. In particular, the extent of protein collapse was notably altered by changing the polarity of the solvent environment, which modifies the strength of hydrophobic interactions between the amino acids in the extended polyprotein chain. These experiments strongly supported the view that hydrophobic forces play a major role in the collapse of an extended protein (18) . To further understand the mechanical and physiochemical properties of the unfolded state of ubiquitin, we use the force-ramp protocol depicted in Fig. 1 . The protein is first unfolded under constant force to a highly extended conformation. Then, the force is linearly decreased down to 10 pN, triggering the contraction of the protein. This protocol permits the observation of the full force-length relationship of the extended protein as it collapses. Fig.  3A shows the collapsing trajectories of 136 different fully extended polyubiquitin molecules such as the one observed in Fig. 1 in a 30% vol/vol glycerol solution. Remarkably, we observe a high degree of heterogeneity in the responses. Such heterogeneity can be explained in terms of the different strength of the hydrophobic driving forces that act on each particular collapse trajectory, which depends on the initial combination of dihedral angles sampled by the protein once it is unfolded and stretched at 190 pN (18) . In some cases, the protein collapses very little during the ramp down of the force down to 10 pN (F 2 region in Fig. 1 ). In others, a large contraction of the protein was observed. Proteins were often observed to fold during the force-ramp protocol, as in the example shown in Fig Fig. 3D where proteins which failed to fold are shown in blue and proteins that successfully folded are shown in red. In the presence of glycerol the extent of collapse is greatly enhanced, causing a much larger number of molecules to fold (52%) during the ramp-down of the force (red traces in Fig. 3A) . Strikingly, the large hydrophobic collapse measured in 30% vol/vol glycerol solutions contrasts with the much reduced collapse observed in PBS solution and 40% vol/vol ethanol solution. In particular, 40% vol/vol ethanol greatly reduces the extent of collapse and prevents folding during the force ramp down (18) . This is readily apparent when comparing the extent of collapse measured at 12 pN. Fig. 3 
B-D show L(F)/L (190)
at 12 pN for proteins exposed to 40% vol/vol ethanol (Fig. 3B ), PBS solution (Fig. 3C) , and 30% vol/vol glycerol (Fig. 3D) . Table S1 . These results show that both ⌬G 2 and ⌬x2 are strongly dependent on the solvent environment. Blue horizontal lines in D represent the limit in the rate resolution for experiments conducted with cantilevers with a spring constant of 15 pN/nm.
Probing the Physicochemical Properties of the Ensemble of Collapsed
Conformations. The combination of force clamp and solvent substitution has revealed the important and distinct effect that the solvent environment has on the mechanical stability of both the folded and unfolded states of ubiquitin. It is therefore appealing to investigate the response of the recently identified ensemble of collapsed states (25) upon the application of a stretching force under different solvent environments. To study the force-dependent unraveling rate of this ensemble of conformations in standard PBS solution, we devised a force quench protocol (Fig. 4A ) described in detail in the SI Text section that specifically probes the mechanical resistance of these structures under force. Fig. 4E shows a logarithmic plot of the rate of unraveling of the collapsed conformations, k 1 , as a function of the pulling force (gray triangles) in standard PBS aqueous solution (25) . We fitted the force-dependency of k 1 with a simple Arrhenius term, obtaining k 0,1 ϭ 0.7 s Ϫ1 and Ͻ⌬x 1 Ͼ ϭ 2.0 Å. Assuming the same prefactor value used to describe the unfolding energy barrier of the native conformations (34) of A ϭ 10 6 s Ϫ1 , we calculate an average activation energy of Ͻ⌬G 1 Ͼ approximately 8.4 kcal/mol (25) . It is remarkable that the distance to the transition state for the collapsed structures is similar to that of the native state ⌬x 1 approximately 2 Å. We now extend these results by studying the effect of solvent substitution on the force dependency of the unraveling rate of the collapsed conformations (Fig. 4E) . Fig. 4 C and D show averaged traces and their corresponding double exponential fits obtained at different forces in solutions containing 40% vol/vol ethanol and 30% vol/vol glycerol. Fig. 4E shows the force dependency of the unraveling rate of the collapsed conformations in 40% vol/vol ethanol (green circles) and 30% vol/vol glycerol (red squares). These results demonstrate that both ethanol and glycerol have a minor effect on the force-dependency of the collapsed states. Bell fits to the data (solid lines) give activation energies and distances to the transition state similar to those found in PBS solution (⌬x ethanol ϭ 1.4 Å, ⌬x gly ϭ 1.4 Å). Extrapolated to zero force, the unraveling rates converge to the same value of Ϸ0.5-0.7 s Ϫ1 , respectively (Fig. 4D) , which implies a vanishingly small change in the height of the unraveling barrier (⌬⌬G 1 ϭ 0.2 kcal/mol).
Discussion
Protective and denaturing osmolytes such as ethanol and glycerol are known to destabilize or stabilize the native state of proteins against a wide variety of environmental stresses such as high pressure (37) or temperature (38) . Here, we have discovered that ethanol and glycerol affect the activation energy barrier to mechanical unfolding of the protein ubiquitin, expanding the repertoire of known function of these osmolytes. Specifically, our results show that although ethanol slightly destabilizes the native state of ubiquitin (⌬⌬G ϭ 0.05 kcal/mol), glycerol significantly enhances it by ⌬⌬G ϭ 3.8 kcal/mol. Although the effects of both ethanol and glycerol are in qualitative agreement with the results obtained from transfer free energy calculations (39), the molecular origin of these changes to the free energy remain elusive. Indeed, despite extensive studies it has proved difficult to provide a universal molecular mechanism of solvent effects on protein destabilization/ stabilization. Although a 'direct mechanism' suggests that the cosolvent directly and favorably interacts with the protein backbone (40) , an 'indirect mechanism' suggests that the cosolvent disrupts the water structure, thereby modifying its solvation properties (41) . Our experiments at the single molecule level provide a different perspective to this important area by directly capturing the role of solvent molecules in the structure of the mechanical unfolding transition state of a protein. Crucially, this level of experimental control provides a unique test of either a direct or indirect solvent stabilization mechanism in the context of mechanical stability (35) . In our experiments probing mechanical unfolding of ubiquitin in 40% vol/vol ethanol show that ⌬x remains unchanged in this aqueous ethanol solution as compared with water (⌬x ethanol ϭ 1.7 Å, ⌬x water ϭ 1.6 Å), suggesting that ethanol molecules are not actively involved in the unfolding transition state structure of this protein. These results therefore suggest that ethanol slightly destabilizes ubiquitin through an indirect mechanism, disrupting the water structure. Indeed, previous structural studies of aqueous alcohol solutions have shown that the extended hydrogen bond network of water is significantly altered in the presence of an alcohol (42) . In contrast to ethanol, the distance to the transition state is measured to increase from ⌬x water ϭ 1.6 Å in water to ⌬x gly ϭ 2.3 Å upon addition of 30% vol/vol glycerol, suggesting that the larger molecule glycerol plays an active role in the transition state structure, which is consistent with a direct mechanism of protein stabilization. The involvement of glycerol molecules in the mechanical transition state of unfolding observed for ubiquitin, resulting in an increase in ⌬x, is consistent with the results obtained for the protein I27 (35) . Interestingly, while the increase in ⌬x for the protein I27 in glycerol was approximately 1.6 Å the increase in ⌬x for ubiquitin is only 0.7 Å. This smaller increase in ⌬x suggests that the mechanical transition state structure in ubiquitin, thought to be placed between the ␤1-␤5 sheets (43, 44) , is less sensitive to the size of the solvent molecules.
In addition to the native state of ubiquitin, the extended state is also found to be highly sensitive to the solvent environment. While protein collapse is significantly hampered in an aqueous ethanol environment, it is readily enhanced in aqueous glycerol. Protein stability is known to be strongly determined by its solvation properties with the surrounding solvent environment. The observation of an enhancement in the hydrophobic collapse of ubiquitin in glycerol is not inconsistent with a proposed backbone based theory of protein folding, in which unfavourable interactions between the protein backbone and glycerol's polar surface area drive the collapse of the unfolded protein (9, 45) . However, the heterogeneity observed in the collapsing trajectories can only be explained in terms of the different initial solvation properties of side chains in the unfolded protein. These initial conformations result from the different combination of dihedral angles explored by the extended polyprotein (46) . The heterogeneity in the collapsing trajectories, mainly driven by hydrophobic interactions, is likely to result in the conformational disorder observed in the ensemble of collapsed states (Fig. 1, Bottom Inset) .
Strikingly, the behavior of both the native and extended proteins contrasts with the measured solvent insensitivity of the collapsed conformations. It is interesting to consider what structural properties of the collapsed conformations could result in this solvent insensitivity. One plausible explanation is that solvent molecules are excluded from the internal structure of the collapsed conformations. Thus solvent molecules would not play an integral role in their transition state structure. Indeed, this scenario would account for the similar ⌬x values measured for the different solvents (Fig. 4 and Table S1 ), suggesting that solvent bridging is not an important mechanism for these structures. Instead, each collapsed conformation may be held together by interactions that are mostly hydrophobic in origin. The mechanical resistance exhibited by the collapsed conformations would thus reflect the strength of this hydrophobic packing. Interestingly, such a hydrophobic packing scenario has been observed for the protein ankyrin, which consists of smaller ankyrin repeats which stack into a helical supramolecular structure via hydrophobic forces (47 molecule experiments, such ankyrin structures are largely insensitive to osmolytes (48), yet exhibit mechanical resistance which is similar in scale to that measured for the collapsed conformations (49) . Alternatively, the solvent insensitivity of the collapsed conformations may reflect structures which are preferentially solvated by water molecules from the ethanol/glycerol aqueous mixtures. Thus the transition state structures of these structures will only involve water molecules resulting in an unchanging ⌬x and ⌬G. In this scenario, the collapsed conformations would require final expulsion of water molecules to reach the native fold. Indeed, this is not inconsistent with previous computational studies which suggest that the final step of the folding process from a near-native collapsed structure to the final folded conformation involves a desolvation process that squeezes out water molecules in the vicinity of the partially hydrated core (1) . It is feasible that in our experiments, such a folding step is represented at the end of the collapsing trajectories (Figs. 1 and 3) , which are largely affected by the solvent environment. Indeed, once the protein reaches the folded length, it remains a puzzle how the native contacts are formed to regain its mechanical stability. We hypothesize that this transition encompasses the correct rearrangement of side-chains and contact pairs in each individual collapsed structure to reach the final native structure, and that this last step is not crucially determined by the solvent environment.
Here, we demonstrate the success of using solvent substitution combined with single molecule force-clamp spectroscopy as an independent probe of the evolving structures of a polypeptide as it folds. These experiments open the way for a detailed examination of the transition state structures that populate the folding trajectory of a protein.
Materials and Methods
Protein Engineering. WT-Ubiquitin polyprotein was subcloned using the BamHI and BglII restriction sites (50) . The nine-domain ubiquitin was cloned into the pQE80L (Qiagen) expression vector, and transformed into the BLR(DE3) Escherichia coli expression strain and purified by histidine metal-affinity chromatography with Talon resin (Clontech) and by gel-filtration using a Superdex 200 HR column (GE Biosciences).
Force Spectroscopy. Force-clamp atomic force microscopy experiments were conducted at room temperature using a home-made set-up under force-clamp conditions described elsewhere (10) . Experiments were carried out in a sodium phosphate buffer solution, specifically, 50 mM sodium phosphate (Na2HPO4 and NaH2PO4), and 150 mM NaCl, pH ϭ 7.4. Samples of glycerol (Ն 99%) and ethanol (Ն 99%) were obtained from Sigma-Aldrich and used without additional purification. Solvent mixtures were prepared to obtain the desired volume fraction, vol/vol, ratio of the co-solvent and viscosity.
